Recent theoretical studies suggest the existence of low-mass zero-metal stars in the current universe. In order to study the basic properties of the atmosphere of low-mass first stars, we performed one dimensional magnetohydrodynamical simulations for the heating of coronal loops on low-mass stars with various metallicities. While the simulated loops are heated up to ≥ 10 6 K by the dissipation of Alfvénic waves originating from the convective motion irrespectively of the metallicity, the coronal properties sensitively depend on the metallicity. Lower-metal stars create hotter and denser coronae because the radiative cooling is suppressed. The zero-metal star gives more than ten times higher coronal density than the solar-metallicity counterpart, and as a result, the UV and X-ray fluxes from the loop are (1-5) times higher than those of the solar metallicity star. We also discuss the dependence of the coronal properties on the length of the simulated coronal loops.
INTRODUCTION
First stars have a significant impact on the cosmic history. They were formed at the end of the dark ages and contributed to the cosmic reionization and the subsequent chemical evolution. One of the main subjects among the remaining questions is the determination of the mass-scale of the first stars. It is an essential problem because the picture of the cosmic evolution is different depending on what kind of the mass distribution it was. According to current common understanding, first stars are regarded to be more massive with the typical mass ∼ 100M because of the lack of metal coolants, where M is the solar mass (Omukai & Palla 2001; Bromm et al. 2002; Yoshida et al. 2006; OShea & Norman 2007; Hirano et al. 2014) .
However, recent cosmological simulations indicate that the protostellar disc around massive first stars fragments into clouds to form low-mass first stars (Clark et al. 2011; Greif et al. 2012; Machida & Doi 2013; Susa et al. 2014; Chiaki et al. 2016) . If the first stars with M ≤ 0.8M were actually formed, they survive in the present universe owing to their long lifetime. However, low-mass zero-metal stars have not been discovered yet, in spite of extensive observations of metal-poor stars (Christlieb et al. 2004; Aoki et al. 2006; Keller et al. 2014) . Reasons of the non-detection have been discussed from various viewpoints of the surface pollution by heavy elements (Yoshii 1981; Komiya et al. 2015; Tanaka et al. 2017; Tanikawa et al. 2018) Zero-metal stars with the mass M < 0.9M have a convection zone (Richard et al. 2002) , similarly to the Sun. The surface convective motion in the Sun triggers various magnetic activities, such as (micro-or nano-) flares (e.g. Parker 1988; Shimizu 1995) , waves (e.g. Okamoto et al. 2007; McIntosh et al. 2011 ) and spicules (e.g. Suematsu et al. 1995; De Pontieu et al. 2007 ). These magnetic events play a role in uplifting the kinetic energy of the convection to the upper atmosphere, which leads to the formation of the hot corona 10 6 K (Grotrian 1939; Edlén 1943 ) that emits X-rays and the acceleration of the solar wind (Parker 1958) . Low-mass main-sequence stars possess a surface convection zone, and they also show the activity of coronae (Ribas et al. 2005 ) and stellar winds (Wood et al. 2005) , which are believed to be originated from the magnetic activity.
The properties of the stellar coronae and winds are different for different stars. While the primary factor that controls the magnetic activity is known to be the stellar rotation, which decreases with the stellar age (e.g. Güdel 2007 ), the mass and metallicity are also regarded to be important ingredients. The metallicity determines the efficiency of the radiative cooling in the stellar atmosphere, and therefore, it directly affects the physical conditions of the corona. Suzuki (2018) investigated the heating and acceleration of the plasma gas by Alfvén waves in an open magnetic flux tube by magnetohydrodynamical (MHD) simulations. Alfvén waves hardly dissipate on account of the incompressible nature. Hence they can carry the kinetic energy a long distance and it goes into the thermal energy in the upper layer (Alfvén 1947) . He concluded that the stellar wind and the X-ray emission from the corona are stronger for lower metallicity, because the coronal density is higher owing to the inefficient cooling.
However, the X-rays are dominantly emitted from the coronal plasma in closed magnetic structures rather than from the plasma in open magnetic flux regions because the gas confined in closed magnetic loops is systematically denser than the gas streaming out freely of open regions. Therefore, when we argue the X-ray and UV emissions from stellar coronae, we should investigate the contribution from closed loops, which is the main purpuse of the present paper.
This paper is consisted of the following sections. In Section 2, our loop model and MHD simulations are described. In Section 3, we show the results of dynamical evolution, loop profiles and UV and X-ray fluxes for the stars with different metallicities. The dependence on the loop length is also presented. Finally we summarize our study and discuss the treatments of our simulations and the future prospects in Section 4.
METHOD
We performed 1-dimensional magnetohydrodynamic simulations for the heating of coronal loops by the dissipation of Alfvén waves. The velocity perturbation, δv, which is driven by surface convective motion, is injected from the footpoints of a magnetic loop. It excites MHD waves that propagate upward. In this study, we performed simulations with different stellar metallicities, Z = 1, 0.1, 0.01, 0.001, 0Z , where Z stands for the solar metallicity, and investigated the dependence of physical properties of the coronal loops on metallicity.
Set up
We adopt a magnetic loop, of which the geometrical configuration is similar to that of Moriyasu et al. (2004) . The loop is considered as a semicircular magnetic flux tube of l in length and both ends are rooted in the photosphere (Figure 1) . We adopt the loop length l = 0.8 × 10 5 km for the standard case and l = 1.0 × 10 5 km and 1.6 × 10 5 km for other cases (mainly discussed in Sec 3.3). We perform magnetohydrodynamical simulations in a one dimensional loop that is along a s coordinate. In order to handle the torsional motions, the velocity and magnetic fields have three components, 
) where the latter two components have the directions perpendicular to s. The cross-sectional area at the loop top expands 150 times that of the foot points. The stellar mass is set at 0.8M and the effective temperature is T eff = 5100 K. At the photosphere, the density is ρ ph = 4.37 × 10 −7 g/cm 3 , the magnetic field strength is B ph = 1.98 kG and the velocity perturbation is δv = 0.75 km/s in all three directions. In this paper, we adopted the same values for all the stars with different metallicities. We inject the velocity perturbations with the spectral shape ∝ ω −1 with the frequency ω between ω −1 max ≈ 20 s and ω −1 min ≈ 1800 s roughly same as the solar case. We set the initial temperature, T init = T eff , in the entire loop. We set up the initial density that is higher than that is expected from the hydrostatic equilibrium with T init = T eff to avoid the severe CFL condition; if we adopt the hydrostatic density with T init = T eff , the density at the loop top is so low that the Alfvén speed there is too fast. After the simulation starts, the gas near the loop top falls down because the density is higher than the hydrostatic value. However, the falling gas is eventually pushed back upward by the upgoing Alfvén waves from below. Therefore, the artificially high initial density does not affect the result after the hightemperature corona is formed.
MHD Equations
We numerically solved time-dependent MHD equations including radiative cooling and thermal conduction:
and
where
In the above equations, G and e denote the gravitational constant and the internal energy which satisfies the relation e = P (γ−1)ρ where γ = 5/3 is the ratio of specific heats. We adopt the stellar radius R = 5.13 × 10 5 km for M = 0.8M with the solar metallicity (Yi et al. 2001 (Yi et al. , 2003 . h = l/π is the loop height. The angle θ in the gravitational term is taken from the loop top (Figure 1) . The function f (s) is the loop expansion factor which has the relation B s = B ph /f (s). a ≈ 1.07 × 10 −2 and b ≈ 10 are free parameters which determines the shape of f (s). F c is the thermal conduction for fully ionized plasma with the form F c = κT 5/2 ∂T ∂s where κ is the spitzer conductivity and q R is radiative cooling rate, which is described in Section 2.3.
We note that it is necessary to take into account f (s) when we calculate the divergence and rotation of a vector, X:
The numerical scheme is 2nd Godunov-MOC method (Suzuki & Inutsuka 2005) and we took the grid size δs = 40 km throughout the loop.
Radiative Cooling
We explicitly took into account the metallicity dependence of the radiative cooling, and adopted different prescriptions below and above the bottom of the transition region that divides the chromosphere and the corona. Cooling function Λ [erg cm 3 Figure 2 . Cooling function for each metallicities (Sutherland & Dopita1993) In the optically thin region with T ≥ 10 4 K, the cooling occurs through the collision between an electron and an ion, therefore the cooling rate q R [erg cm
Λ is the cooling function that depends on metallicity (Figure 2 .) referred from Sutherland & Dopita(1993) and n, n e are respectively, ion number density and electron number density. In the optically thick region with T ≤ 10 4 K, we used the empirical formula introduced in Suzuki(2018) ;
This is an extension from the empirical cooling rate of the solar chromosphere q R = 4.5 × 10 9 ρ (Anderson & Athay 1989); we utilized the fact that Hα emission contributes about 20% to the total emission in the solar chromospheric region.
3. RESULTS 3.1. Dynamical Evolution 3.1.1. Z = Z Figure 3 . shows the time evolution of the loop temperature with Z = Z . From the initial cool state (dotted line), the loop is instantly heated by the dissipation of Alfvén waves (dashed line). After ≈ 3 hours, the quasisteady corona is formed; the temperature distribution is almost flat with T ≈ 10 6 K by thermal conduction (solid line). Although this quasi-steady corona is sustained for several hours, the temperature around the loop top eventually drops to 10 4 − 10 5 K (cyan dashed line). After the corona disappears for ≈ 2 hours, the temperature is again rapidly heated up (blue dashed line) and the quasi-steady corona is recovered. The formation and destruction of the corona repeatedly occurs afterward in a quasi-periodic manner.
The cyclic evolution of coronal loops has been investigated by previous studies (Kuin & Martens 1982; Müller et al. 2003 Müller et al. ,2004 Mendoza-Briceño et al. 2005) . The mechanism of this cyclic behavior can be explained as follows; When the quasi-steady corona is formed, the chromosphere is gradually heated up by the downward thermal conduction. Consequently the chromospheric material evaporates into the corona. The coronal density gradually gets higher as a result of the mass supply by the chromospheric evaporation. The increase of the density, however, enhances the radiative cooling, which causes the decrease of the temperature. In addition, the temperature range of 10 5 K ≤ T ≤ 10 6 K is thermally unstable. Therefore, once the coronal temperature, ≥ 10 6 K, cannot be sustained, it suddenly drops below T < 10 5 K. Accordingly, the pressure, which is proportional to the temperature, also drops so that it cannot support the coronal gas against the downward gravity. The coronal material mostly falls down to the chromosphere. Once the density in the upper region drops, the radiative cooling is suppressed. As a result, the temperature rapidly rises again so that the quasisteady corona is revived. These consecutive processes occur repeatedly in a quasi-periodic manner ( Figure 5 ).
Z = 0
The time evolution of the case with Z = 0 is shown in Figure 4 . The gas is heated up to T ≈ 8 × 10 5 K at t = 849.6 min (dashed line) from the initial cool atmosphere (dotted line). After the relatively cool corona is kept for a while, the temperature drops sharply (cyan dashed line) and again, rapidly rises to T ≥ 10 6 K (solid line), which is similarly to the solar metallicity case. However, in this zero metallicity case, the corona is maintained afterward without cyclic behavior.
3.1.3. Dynamical Evolution -Summary- we simulated. As discussed previously, the case with Z = Z shows that the formation and destruction of the corona take place iteratively. Although the variation of the peak temperature is not purely periodic, the rough average period is an order of 10 hours. The iterative cycle is also observed in the cases with Z = 0.1Z and 0.01Z . However, the average period is longer for lower metallicity. For further lower metallicity, Z ≤ 0.001Z , the cyclic destruction of the corona does not happen any more.
The negative dependence of the average period on metallicity can be interpreted by the cooling time that strongly depends on metallicity. The cooling time is defined as τ cool ≈ ne qR , where ne is specific energy per particle. τ cool is longer for lower Z because q R is smaller (Figure 2) . Therefore, it takes longer time for lower metallicity stars before the collapse of the corona occurs by the enhanced cooling.
Comparison of Time-averaged Profiles

Loop Profiles
We compare the time-averaged loop structures of different metallicities. The average is taken during the period shown by the red frame in Figure 5 . For the cases with Z ≤ 0.01Z , the durations of the averages are set up in order that at least multiple (≈ 10 for Z and 2 for 0.01Z ) cycles are covered. For the lower metallicity (Z ≤ 0.001Z ) cases, we take the averages after the initial phase when the peak temperature shows rapid time-dependency. Figure 6 compares the temperature and density distributions of all the simulated cases with the five different metallicities. Both temperature and density are higher in lower metal stars. The profiles of the case with Z = 0.001Z is almost the same as those of the zero metal case, which indicates that the coronal properties of a star with Z ≤ 0.001Z are not different from those of a zero metal star even though it has a finite amount of heavy elements. The temperature and the density in the coronal region of the zero metal star is ≈ 1.9 times and ≈ 15 times higher respectively than those of the solar metal star. The suppression of the radiative cooling is a part of the reason why both coronal temperature and density have the negative dependences on Z. In addition to this cooling effect, the following positive feedback involving the chromospheric evaporation and the reflection of waves causes the very dense corona of the zero and very low metallicity stars. The higher temperature leads to more efficient chromospheric evaporation, which forms denser corona. The difference between the chro-mospheric density and the coronal density gets smaller for lower metallicity stars. As a results, a larger fraction of the Alfvén waves that are excited from the photosphere can be transmitted to the corona, because of the suppression of the reflection (Verdini et al. 2012; Suzuki 2018) . The larger transmissivity of the waves further gives larger heating by the wave dissipation. Now readers may understand that these consecutive processes operate as a positive feedback, and hence, the coronal density of the zero metal star is much larger than that of the solar metallicity star.
UV and X-ray fluxes
We examine the radiative fluxes emitted from the simulated loops. We separate them into the component from the transition region with 2 × 10 4 K ≤ T ≤ 5 × 10 5 K and the component from the corona with 5 × 10 5 K < T ; we call the former UV and the latter (soft) X(-rays).
In Figure 7 , we present these two components
in units of luminosity, erg s −1 . For l = 0.8 × 10 5 km (solid lines), the radiative luminosity, L X + L UV , from T > 2 × 10 4 K increases with decreasing Z. In Z ≤ 0.001Z , L X + L UV is ≈ 5.6 times larger than that of Z = Z . On the other hand, although L X is the largest in Z ≤ 0.001Z , the overall tendency is not monotonic. L is determined by the cooling function, Λ, multiplied by the density squared, nn e (eq.8). In Z ≥ 0.01Z , L X slightly decreases on decreasing Z because the rapid decrease of Λ on Z cannot be compensated by the increase of nn e . In contrast, L X increases on decreasing Z in the lower Z(< 0.01Z ) range, because the increase of nn e dominates the decrease of Λ.
Dependence on the Loop Length
We carried out the same sets of simulations for different loop lengths, l = 1.0 × 10 5 , 1.6 × 10 5 km and investigate the dependence of the coronal structure on the loop length. Figure 8 shows the time variation of the temperature at the loop top of the different metallicity cases for l = 1.6 × 10 5 km. The cases with Z ≥ 0.01Z have the cyclic evolution and the negative dependence of the average period on metallicity as seen in Sec 3.1.3. However, compared with Figure 5 which shows the time evolution of the loop with l = 0.8 × 10 5 km, the average period is longer for the longer loop with the same metallicity. In the case of Z = Z , the period is ≈ (20 − 50) hours for l = 1.6 × 10 5 km, while it is ∼10 hours for l = 0.8 × 10 5 km. In the lower metallicity cases, the period is further longer > 100 hours, and the hot corona is sustained for a long time. Especially, in the cases of Z ≤ 0.001Z , the coronal temperature is kept around 2 × 10 6 K without collapse.
Dynamical Evolution
Profiles of the Different Loop Length
We compare the time averaged structures for the different loop lengths l = 0.8 × 10 5 , 1.0 × 10 5 , 1.6 × 10 5 km. Figure 9 shows the temperature and density distributions for each loop length with Z = Z and Figure  10 shows the cases of Z = 0. Both cases show that the physical properties of the loops depend on the loop length; longer loops give higher temperatures and lower densities than shorter loops with the same metallicity. The loop top is located at a higher altitude for a longer loop, which gives the lower density there for the nearly hydrostatic structure. Therefore the gas in the corona can be heated to higher temperatures due to the suppressed cooling in the lower density condition even with the same metallicity.
LX and LUV
The radiative luminosities L X and L UV are shown in Figure 7 for l = 1.0×10 5 km (dashed lines) and l = 1.6× 10 5 km (dashed-dot lines). As described in Sec 3.2.2, the metallicity dependence does not appear in a monotonic manner because the dependence of L on Z is determined by the competition between the contributions from Λ and nn e . On the other hand, longer loops give larger L X and L UV because they have larger volumes that emit radiation.
SUMMARY & DISCUSSION
We studied the heating of the coronal loops of the lowmass stars with Z = (0 − 1)Z , particularly focusing on the coronae of the metal-free stars. Comparing the timeaveraged properties of the simulated coronal loops with the different metallicities, we found that lower-metal cases show higher temperature and density. The density of the metal-free corona is > 10 times larger than that of the solar-metallicity case because of the lack of the coolants except for H and He. As a result, the UV and X-ray luminosities from the metal-free corona are comparable to or even several times higher than those from the solar-metallicity corona even though the cooling efficiency is considerably lower. These results can support the past observations that detected the strong X-ray from the metal poor stellar corona (Ottmann et al. 1997 ).
The time-dependent behavior of the simulated coronal loops also quite different for different metallicities. In the relatively higher-metallicity (Z ≥ 0.01Z ) cases, the formation of the high-temperature corona occurs in a quasi-periodic manner; the steady corona is suddenly destructed by the enhanced cooling, which is followed by the rapid recovery of the corona by the continuous heating by Alfvénic waves. The average duration of this quasi-priodicity is longer for lower metallicity, because the cooling time is longer. In the very low-and zerometallicity cases, the corona is sustained for a long-time without exhibiting the quasi-periodic cycle seen in the higher metallicity cases.
It is reported that such repeated behavior of the heating and the catastrophic cooling is also observed in solar coronal loops (Schrijver 2011; Kamio et al. 2011) , which indicates that the quasi-periodic corona obtained in our simulations captures the basic nature of the coronal loops. However, we should note that the 1D treatment may slightly exaggerate the quasi-periodicity because propagating waves are confined in the flux tube without leaking out of it. A recent 3D simulation for the solar coronal loop (Matsumoto 2018) shows that the coronal temperature is kept with relatively small fluctuations of the temperature, (0.7 − 1.2) × 10 6 K. We also performed the simulations of the longer loops with l = (1.0, 1.6) × 10 5 km than the standard case with l = 0.8 × 10 5 km. The temperature in the corona is higher for longer loops because the density at the loop top located at a higher altitude is lower and the radiative cooling is less efficient. The UV and X-ray luminosities are also higher for longer loops because the emissions are from the larger volume.
In addition to the 1D approximation, we assumed the same set of the parameters, T eff , ρ ph , B ph , and δv at the footpoints of the simulated stars with the different metallicities so as to pick out the effect of the metallicity. An alternative way is to set the values at the realistic photosphere that takes into accout the effect of different metallicity; the photosphere tends to be located at a deeper position in a lower-metal star because the opacity is smaller, and then, the photospheric density is higher (Suzuki 2018) . Even if this prescription is adopted, there are still large uncertainities left in B ph . Therefore, it is important to study coronal properties in a wide range of the magnetic field strength.
Before closing the paper, we would like to mention a possible contribution from low-mass first stars to the cosmic reionization. EUV and probably soft X-ray radiations are regarded as reliable candedates of the reinization. There are several potential sources discussed in recent studies, such as active galactic nuclei (Shankar & Mathur 2007; Volonteri & Gnedin 2009; Glikman et al. 2011 ), X-ray binaries (Mirabel et al. 2011; Fialkov et al. 2014; Fialkov et al. 2017) , mini-quasars (Madau et al. 2004; Fialkov et al. 2017 ) and dark matter annihilation (Belikov & Hooper 2009 ), although their relative contributions are still under debate. The EUV and soft X-ray radiations from low-mass metal-free stars can be a potentially strong candidate if the sufficient number of such low-mass first stars was formed. In our future studies, we pursue the reionization in the high-z universe by the EUV and soft X-ray radiations from low-mass first stars.
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